therefore, necessary before using them in hydrological and climate studies, drought monitoring,
42
and other related applications.
43
Various studies have been conducted over Africa, which assess the suitability of several 44 SRS-based precipitation products through their comparisons with RG observations. However,
45
most of these studies were often faced with lack of access to and/or inadequate RG records and and Application Center (ICPAC).
89
In order to extract and compare the dominant patterns of precipitation variability (derived 90 from different datasets) and their spreading behavior over the continent, the statistical method
91
of complex empirical orthogonal function (CEOF) (Preisendorfer , 1988 ) is applied. CEOF CEOF is used to identify the propagation patterns of precipitation changes, derived from the 96 SRS-based products over Africa.
97
The remainder of the study is organized as follows. In Section 2, a brief background on the 
Study area

104
The African continent lies astride the equator and almost entirely within the tropics. Its 105 northern and southern regions exhibit temperate climate due to the mid-latitude westerly winds 106 (Wamukonya et al., 2006) . Considered the second driest region in the world after Australia,
107
Africa is divided into six wide climatic zones based on the amount, duration, and seasonal 
Data
118
In this section, a description of the rainfall products used in the study is given. These 119 products include six SRS rainfall products, available as satellite only and merged fields (satellite 120 + RG data). GPCC data and gauge observations over GHA from ICPAC were used to provide 121 independent validation of the TCH method. The data used in this study are summarised in 122   Table 1 . 
Global Precipitation Climatology Centre (GPCC)
124
The GPCC product consists of precipitation data from more than 67,000 gauge stations 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Microwaver Imager (i.e., the TMI 2A12 product), and is calibrated with the Global Precipitation 
192
TAMSAT is an Africa-specific precipitation data source available at 0.0375 • spatial reso- Figure 1c ) and challenges in timely updating the gauge records in GPCC.
244
The three-cornered hat (TCH) on the other hand, can be used to estimate relative uncertainties 245 in rainfall products from different sources if at least three products are available (e.g., Tavella   246 and Premoli , 1994). The generalized TCH method is particularly relevant in this study as To estimate the uncertainty in precipitation datasets, consider the time series of available 253 products stored as {x i } i=1,2,··· ,N , where i corresponds to each product (i.e., N = 6, six SRS-254 based rainfall products in Table 1 ). Let each time series be expressed as 
where each row is a monthly observation (here M = 96, i.e., 96 months from 2003-2010). The 271 covariance matrix S of the series of differences given by
where cov(•) is the covariance operator, and elements of S (s i,j ) being either variance estimates 
Equation 5 
287
The suggested objective function is given by (Galindo and Palacio, 1999) as
where K = N −1 |S|. The solution of the minimization problem is found based on the Kuhn-
289
Tucker theorem (Galindo and Palacio, 1999). Hence, when the free parameters have been 290 estimated, the solution for the other unknown elements of R is given by
and s ij obtained from Equation 4.
292
Example 1 (Choice of the TCH reference): Consider the following numerical example 293 where we have 3 time series A, B, and C as shown in Figure 2 whose quality is to be determined.
294
Now from Table 2 , let the time series "C" in the first column, "B" in the second column, and "A"
295
in the third column be chosen as a reference. Considering "C" as the reference, the diagonal of 296 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 C ("reference") B ("reference") A ("reference") 
Complex empirical orthogonal function (CEOF)
318
Given the wide variety of blended precipitation products and different precipitation retrieval 319 methods (Table 1) , it is important that all the gridded precipitation estimates provide consistent 320 spatial and temporal patterns over various regions of Africa. This is examined by applying 321 CEOF (Preisendorfer , 1988) to the time series derived from each of the gridded precipitation 322 products (7 products of Sections 3.1 to 3.7, i.e., 
Results
336
The quality of the available rainfall products is evaluated using three different methods over these regions (see Figure 1) , however, the derived evaluations have to be interpreted with 368 caution.
369
Satellite-only products CMORPH and GSMaP, on the other hand, indicate very large pos-370 itive differences (up to 100 mm/month) over the high rainfall regions of central Africa (e.g.,
371
Congo), and the African rain belt region. Large negative differences are also found over the oro- The microwave dominant estimates of rainfall (e.g., CMORPH) are also prone to underesti- showed large positive biases and RMSEs over these region.
417
The distributions of noise estimates over the entire continent are presented in Figure 5a ,
418
while the results of the MCP ranking are provided in Table 4 . From Figure 5a, 
427
The uncertainties in the precipitation products are generally reduced from the wet regions to Table 4 (compare with Table 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 GSMaP  PERSIANN  TAMSAT  TRMM  ARCv2  ARCv2  ARCv2  ARCv2  ARCv2  ARCv2  CMORPH  CMORPH  CMORPH  CMORPH  CMORPH  CMORPH  GSMaP  GSMaP  GSMaP  GSMaP  GSMaP  GSMaP  PERSIANN  PERSIANN  PERSIANN  PERSIANN  PERSIANN  PERSIANN  TAMSAT  TRMM  TAMSAT  TRMM  TAMSAT  TRMM  TAMSAT  TRMM  TAMSAT  TRMM  TAMSAT 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 4 , which indicates that PERSIANN has the highest performance followed by ARCv2, P e e r R e v i e w O n l y 
515
The comparative evaluation of the products showed that the noise level of rainfall measure- 
528
Magnitudes of noise levels in PERSIANN, compared to others in all climate zones, are 529 found to be the lowest, while the noise estimates of GSMaP are found to be the highest (cf.,
530
Tables 3 and 4). Over the continent, ARCv2 and TAMSAT are found to be statistically simi-531 lar in terms of uncertainties, followed by TRMM. Considering the SNRs, ARCv2 and TRMM 532 represent similar quality (Table 4) showed that TRMM and RFE2 (ARCv2's precursor) are similar over the continent. CMORPH 534 is ranked above TAMSAT, which is also rated better than GSMaP. This is consistent with the Congo, Central African Republic) and the Guinea coast, which are known for large convective 578 activities (Webster , 1983) . The spatial propagation of the annual rainfall is shown in Figure 10 , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 well-captured by most of the products except CMORPH and TAMSAT.
601
The spatial amplitudes in Figure 12 depicts mainly two rainfall patterns over the entire This pattern represents the annual rainfall variability over Africa (the spatial amplitudes in Figure 9 ). In Section 5.1, considering the classical comparisons, the quality of TRMM was found to be 621 better than PERSIANN and ARCv2, both in terms of noise level (i.e., RMSEs) and SNRs (cf., in both approaches, which proves their comparable performance.
630
Based on RMSEs over the GHA, the classical method shows that TRMM and ARCv2 are 631 more consistent with gauge observations (cf., Figure 7a ), whereas the TCH method ranks noise 632 estimates of GSMaP and CMORPH as the lowest (cf., Figure 7c ). Considering the fact that
633
TRMM and ARCv2 are calibrated using GPCC and GTS, respectively, it is likely that they 634 already contain the RG stations used in this evaluation. 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   P  e  e  r  R  e  v  i  e  w  O  n  l  y 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   P  e  e  r  R  e  v  i  e  w  O  n  l  y 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
